Detailed mapping of about 2 square miles surrounding the deposits has
shown that all the uranium occurrences and most of the areas of high radioactivity are where the color changes in the basal sandstone from reddish on the up-dip side of the occurrences to yellowish-gray or buff down-dip.
Radioactivity measurements show that uranium is distributed almost continuously along the sinuous red-buff contact for more than $ miles. Laboratory work indicates that the red color is caused by hematite resulting from the alteration of ferrous iron minerals and hydrous ferric oxides.
The close association of the red-buff contact and the uranium deposits suggests that the two were formed by the same solutions. The uranium was probably deposited originally from ground water which moved down-dip and gradually changed from an oxidizing solution near the surface to 6 mildly reducing solution at depth.-Concentrations of uranium have resulted from the localization of'reducing conditions caused perhaps by structures superimposed on the regional dip, local thinning or decrease in permeability of the sandstone^ or concentrations of pyritiferous carbonaceous material. Bonato uranium deposits were mapped by the U. S. Geological Survey with plane table and alidade at a scale of l/2l|00 to determine ore controls that might be used as guides to find additional deposits.
Location and general features
The area of investigation is shown in figure 1 . The locality is on the northeast flank of the Black Hills uplift, about 6 miles west o£
Belle Fourche, and includes parts of sees. 23, 2ii, 25, and 26, T. 8 N., R. 1 E., Butte County,. South Dakota.
The area has a slightly undulating surface that slopes gently to the northeast and is dissected by numerous small canyons generally less than l£0 feet deep. The average surface elevation is about 3 9 kOO feet, and the total relief in the mapped area is about 900' feet.
Acknowledgments
Laboratory space and equipment of the Geology Department of the University of Wisconsin were used for the preparation and study of rock samples. The use of these facilities is greatly appreciated. 
Fall River sandstone
The most persistent unit in the Fall River sandstone is the basal sandstone, which ranges from 2 to 18 feet in thickness but generally is from 6 to 10 feet thick, and is composed of fine-grained, massive, generally uniformly-bedded buff to red sandstone. Size analyses show that' the sand is well sorted; more than 9$ percent of the grains are fine sand (l/k to 1/8 mm) and very fine sand (1/8 to 1/16 mm) 5 the remainder is silt and clay. Carbonaceous, plant fragments are locally abundant in small lenses or along bedding planes. Vertical holes, a few millimeters in diameter, some of which are partly filled with carbonaceous material, were observed in the upper few inches of the basal unit, and these may represent a carbonized root system. Reddish color (pale red) was observed in the basal Fall River sandstone continuously for more than 1 mile to the southwest up dip from the red-buff contact. Reddish sandstone of the same sandstone unit was also observed a few miles both to the northwest and to the southeast of the mapped area.
In detail the reddish coloration of the sandstone at the red-buff contact cuts across the bedding and commonly extends farther down dip near the base of the sandstone. The red sandstone is believed to represent altered buff sandstone for the following reasons:
a. The basal Fall River sandstone is predominantly buff to gray where it is exposed on the northeast flank of the Black Hills (from ' Rapid City to Belle Fourche).
b. The red-buff contact cuts across the bedding and the red sandstone is a uniform color as contrasted with the color differences of adjacent beds in the buff sandstone.
c. At several localities in the mapped area, color bands of various shades of red are parallel to the red-buff contact, and the more intense red color is near the red-buff contact.
Mineralogy of the red and buff sandstones
Laboratory study of the Fall River sandstone suggests that the red color is probably the result of the alteration of ferrous iron minerals and yellowish brown hydrous iron oxides to red hematite.
The relative total iron content in each of several samples of red, buff, and gray sandstone was determined by X-ray fluorescence, and the Relationship of uranium mineralization to the red-buff contact
All the uranium occurrences that have been found in the area of this investigation are immediately adjacent to the red-buff contact and with one exception are in buff sandstone. Three previously unknown occurrences of carnotite were found on the basis of the red-buff color change. Abnormal radioactivity (greater than 10 times background) was detected with a scintillation counter at practically all outcrops of the basal sandstone unit of the Fall River sandstone that showed the red-buff contact. About 32 radioactive localities were found at these outcrops, which are distributed along the sinuous contact between red and buff sandstone for about £ miles.
Abnormal radioactivity was also detected at a red-buff contact in Fall River sandstone about 1 mile northwest of the mapped area on the north side of Hay
Creek valley. Southeast of the mapped area for at least 2 miles the red-buff contact was not observed; all outcrops noted of the basal unit of the Fall River formation were red.
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Some of the radioactivity anomalies shown in figure 3 appear to be in the underlying Fuson shale5 but this is caused mainly by radioactive float below outcrops of the basal sandstone.
Relationship of the red-buff contact to structure
As shown in figure 3 , the red-buff contact in general parallels the strike of the regional dip but in detail cuts across the smaller structures. x Mapping in the area indicates that small structures have exerted little control of the red coloration in the sandstone. An exception to this is in the SWj sec. 2%, where unaltered buff sandstone occupies a structural trough that trends northeast.
Relationship of thickness to red-buff contact and uranium deposits
The thickness of the basal sandstone unit of the Fall River sandstone was measured at most outcrops where the full thickness was exposed. In the northwestern half of the mapped area, which includes all of the Kling deposits, no relationship of thickness to the uranium occurrences is apparent. The basal sandstone in this area is from 8 to 13 feet thick. In the southeastern half of the mapped area, many of the radioactivity anomalies and all the carnotite occurrences (except at the Bonato mine) are in sandstone generally less than 5 feet thick. Exposures are commonly poor where the basal sandstone unit is thin, therefore its thickness could only be approximated in many places,
In general, where the basal sandstone unit is thick (more than about five feet) the red-buff contact is found farther down dip than in areas where the sandstone is thin (less than about five feet). This relationship would be expected if ground waters moving down dip have caused the alteration. The relationship between uranium deposits and structure is not marked, and the structural relationship noted above may be fortuitous. However, it may be significant that the largest uranium deposit (Kling No. 2) and the most widespread high radioactivity are down dip from the only observed reversal of dip found near the red-buff contact. Other uranium deposits of comparable size may not be present because other favorable structures are lacking.
The red alteration described in this report may have significance relative to the origin of the uranium deposits. If we assume that the uranium was deposited from the same solutions that produced the red alteration and the close association of the uranium with the red-buff contact strongly suggests this then the uranium-bearing solutions moved generally down-dip.
This direction would also be expected of normal ground-water flow in the area.
"Because most of the uranium was deposited not in the red sandstone but immediately down-dip from the red-buff contact, alteration and uranium deposition probably occurred under different chemical conditions. Both field and laboratory evidence suggest that the uranium was deposited as pitchblende from downward-moving solutions that changed from a. strongly to weakly oxidizing an even-to mildly reducing.character. Oxidation'of the pitchblende during!the present weathering cycle has resulted in the formation of carnotite and possibly other secondary uranium minerals.
The stability fields of uranium and iron minerals are consistent with this theory. Figure 5 shows the fields of stability of uranium and iron minerals as applied to the red-buff contact. These relationships suggest that pitchblende or perhaps coffinite was the original stable uranium mineral deposited because U ^ oxide (pitchblende) would be the stable uranium mineral in the buff sandstone that contains dominantly ferrous iron minerals below the zone of oxidation.
A laboratory experiment was conducted to determine the oxidation potential Concentrations of carbonaceous material, especially those containing abundant pyrite, could cause localized reducing conditions.
The information concerning the origin of the uranium occurrences in the area of this investigation is summarized below:
1. The uranium-bearing solutions are believed to have moved generally down dip.
2. Alteration of buff sandstone to red sandstone is believed to have been nearly contemporaneous with the uranium deposition and this suggests that primary uranium was deposited during the change of the solutions from oxidizing to reducing.
3. Laboratory evidence suggests that ground water in equilibrium with the red sandstone has a much higher oxidation potential than ground water in equilibrium with the buff sandstone. The -evidence cited above justifies the conclusion that the uranium deposits have formed by the action of ground waters. However, the origin of the uranium in the ground water presents a separate problem and one which is closely related to the origin of the red altered sandstone.
ORIGIN OF THE RED ALTERATION
The red altered sandstone is probably the result of pre-Oligocene
weathering. An altered zone below the base of the Oligocene has been recognized by several workers. Tourtelot (19^6, p. 80) states:
"Throughout large areas of the Great Plains in Nebraska and South Dakota, the predominantly shaly marine strata of Late Cretaceous age are overlain by tuffaceous sandstone and claystone of the Chadron formation at the base of the White River group of Oligocene age. A conspicuous feature of the unconformable contact between these two sequences is a brightly colored zone of altered Cretaceous shales beneath the Chadron.
The zone is as much as 50 feet thick and is present everywhere except where channels were cut through it prior to the deposition of the Chadron formation. The altered shale ranges in color from nearly white through shades of yellow to orange, brown, and purple. Red streaks are common, and oxides of iron coat joints and bedding planes."
After detailed work on the weathered zone, Dunham (195#> p. 8 The source of the uranium and associated elements is unknown. However, the author believes that these elements have been derived from dispersed sources in the sediments which have been eroded. Some of the uranium may have come from the altered part of the Fall River sandstone. There is no evidence to indicate that hydrothermal solutions have played a part in the origin of the uranium deposits. On the contrary, the available information concerning the behavior of uranium during weathering processes suggests that weathering of a slightly uraniferous rock coupled with a suitable reducing environment below can adequately account for the deposits.
